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During the last two decades, the Institute of Microtechnology (IMT) has contributed in two important ﬁelds to
future thin-ﬁlm silicon solar cell processing and design:
(1) In 1987, IMT introduced the so-called ‘‘very high frequency glow discharge (VHF-GD)’’ technique, a method
that leads to a considerable enhancement in the deposition rate of amorphous and microcrystalline silicon layers. As
a direct consequence of reduced plasma impedances at higher plasma excitation frequencies, silane dissociation is
enhanced and the maximum energy of ions bombarding the growing surface is reduced. Due to softer ion bombardment
on the growing surface, the VHF process also favours the formation of microcrystalline silicon. Based on these bene-
ﬁcial properties of VHF plasmas, for the growth of thin silicon ﬁlms, plasma excitation frequencies fexc in the range
30–300MHz, i.e. clearly higher than the standard 13.56MHz, are indeed scheduled to play an important role in future
production equipment.
(2) In 1994, IMT pioneered a novel thin-ﬁlm solar cell, the microcrystalline silicon solar cell. This new type of thin-
ﬁlm absorber material––a form of crystalline silicon––opens up the way for a new concept, the so-called ‘‘micromorph’’
tandem solar cell concept. This term stands for the combination of a microcrystalline silicon bottom cell and an amor-
phous silicon top cell. Thanks to the lower band gap and to the stability of microcrystalline silicon solar cells, a better
use of the full solar spectrum is possible, leading, thereby, to higher eﬃciencies than those obtained with solar cells
based solely on amorphous silicon.
Both the VHF-GD deposition technique and the ‘‘micromorph’’ tandem solar cell concept are considered to be
essential for future thin-ﬁlm PV modules, as they bear the potential for combining high-eﬃciency devices with low-cost
manufacturing processes.
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21. Introduction
For large-scale application of photovoltaics (PV) it is
imperative to reduce the manufacturing cost of PV mod-
ules ($/Wp) by a factor of 2–3, when compared to pres-
ent prices determined by traditional, wafer-based
crystalline silicon PV technology, a module technology
that presently dominates the world market. Indeed, in
order to turn PV into a competitive energy source in fu-
ture, such a further substantial cost reduction will be the
deciding factor. However, the abandoning of the well-
proven concept of ‘‘safe’’ wafer has so far been, without
any exceptions, always accompanied by a signiﬁcant loss
in eﬃciency. The eﬃciency drops down to less than a
half, when compared to record achieved eﬃciencies of
close to 25%, as achieved with monocrystalline silicon
wafers (Zhao et al., 1999).
This situation has motivated researchers to intensify
the study, since the early 80s to various thin-ﬁlm solar
module concepts. In all these thin-ﬁlm concepts, the
semiconductor can be deposited directly on low-cost
large-area substrates. Furthermore, the cells do not have
to be self-supporting, therefore, large-area substrates
can be used; and these substrates may form a part of
the encapsulation.
Thin-ﬁlm solar cells based on compound semicon-
ductors such as CdTe and Cu(In,Ga)Se2 (CIGS), have
attracted much attention in the past due to the remark-
able work of many groups (Scha¨ﬄer et al., 1997; Schock
and Shah, 1997; Wieting, 2002). On the other hand,
amorphous silicon (a-Si:H) technology has now
achieved an industrial level (Yang et al., 1998; Tawada
and Yamagishi, 2001) and is economically competitive,
contributing thereby to a reduction of the module price
per Wp. However, a-Si:H has always been associated
with low eﬃciencies, and with further eﬃciency losses
during operation, due to the Staebler–Wronski–Eﬀect
(SWE). Still, the low deposition temperature of around
200 C (as usable for amorphous silicon production)
and the application possibility of the monolithic series
connection technique for module manufacturing (Carl-
son et al., 1997; Frammelsberger et al., 1997) were gen-
erally considered to be signiﬁcant advantages for
amorphous silicon technology, as they are indeed key
features that are needed in order to obtain low manufac-
turing costs.
The focus of our research group at IMT Neuchaˆtel
has been the development of low-cost concepts for
thin-ﬁlm silicon solar cells. We considered the deposition
rate for amorphous and microcrystalline silicon (lc-
Si:H) to be a key element for mass production of silicon
thin-ﬁlm solar cells. In 1987, IMT introduced the so-
called VHF-GD (very high frequency glow-discharge)
technique, allowing for an enhancement, by a factor of
5, of the deposition rate for hydrogenated amorphous
silicon (Curtins et al., 1987a,b). In this paper we will re-view, in Section 2, the main work done in our laboratory
and elsewhere, on the VHF deposition technique.
Besides the deposition rate, the solar cell eﬃciency is
an additional important factor to enhance the competi-
tiveness of thin-ﬁlm solar cells. Ten years ago, in 1994,
IMT pioneered microcrystalline silicon solar cells with
reasonable conversion eﬃciencies, showing that this
form of thin-ﬁlm silicon is a promising new PV absorber
material (Meier et al., 1994a). Microcrystalline silicon
solar cells, used within a tandem cell, as bottom cell of-
fer, furthermore, excellent band gap matching with
amorphous silicon top cells; the IMT research group
therefore introduced, in 1994, a new thin-ﬁlm solar cell
concept, the so-called ‘‘micromorph’’ solar cell (Meier
et al., 1994b). Since then, hydrogenated microcrystalline
silicon (lc-Si:H) has been conﬁrmed as a high-quality
low-defect semiconductor material with a large applica-
tion potential and many University groups and Indus-
trial companies have launched research activities in
this ﬁeld.
In thin-ﬁlm solar cells, light-trapping plays a major
key role with respect to reduction of cell thickness and
stability of the amorphous silicon solar cells. In all cases,
light-trapping is important in reducing the absorber
layer thickness and thereby reducing deposition time
for the cell, the latter being a major cost factor. In the
case of lc-Si:H, light-trapping is specially important,
from an economic point of view, as the absorber layer
needed here becomes otherwise unrealistically thick. In
this context, IMT has developed its own deposition tech-
nique for the transparent conductive oxide (TCO) layer,
as used in thin-ﬁlm silicon solar cells: In IMTs case, it is
a low-pressure chemical vapor deposition (LP-CVD)
technique for ZnO layers: a method that allows for the
high-rate deposition of as-grown rough ZnO layers with
excellent optoelectronic properties and improved light-
trapping, as needed for all silicon thin-ﬁlm solar cells.2. VHF-GD deposition technique
It has been shown by several groups (Curtins et al.,
1987a,b; Zedlitz et al., 1992; Howling et al., 1992; Chat-
ham and Bhat, 1989; Oda et al., 1988, 1990) that an in-
crease in plasma excitation frequency from the standard
frequency of 13.56MHz to values in the VHF range, e.g.
between 70 and 130MHz, permits an increase in deposi-
tion rate by a factor of 4–10, both for a-Si:H as well as
for lc-Si:H layers. Curves of deposition rate vs. excita-
tion frequency (Fig. 1) possess, in general, a maximum
at a certain ‘‘optimal’’ frequency and show, thereafter,
a decrease of deposition rate for yet higher frequencies:
this decrease can be attributed to engineering aspects
like reactor design (i.e. to an increase in electrical losses
as the excitation frequency is increased). On the other
hand, the general trend of an increase in deposition rate
Fig. 2. Real part (a) and negative imaginary part (b) of the
plasma impedance as a function of plasma excitation frequency,
for a capacitively-coupled glow discharge plasma of pure silane.
Data taken from Kroll et al. (1994).
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Fig. 3. Sheath-capacitance and corresponding calculated
sheath-thickness of a hydrogen plasma vs. the plasma excitation
frequency, for the plasma reactor of Fig. 2. Data taken from
Kroll et al. (1994).
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Fig. 1. Deposition rate for hydrogenated amorphous silicon
(a-Si:H) layers in a silane plasma (without hydrogen dilution),
vs. plasma excitation frequency, as obtained in diﬀerent reactors
and by independent research groups. Data taken from Curtins
et al. (1987a,b), Zedlitz et al. (1992) and Howling et al. (1992).
3with increasing excitation frequency can be attributed to
fundamental physical changes in the capacitively-cou-
pled glow discharge plasma: As the excitation frequency
is increased, the sheath thickness decreases and the
plasma impedance signiﬁcantly changes.
Fig. 2 presents the results of plasma impedance mea-
surements on a hydrogen plasma, observed as the
frequency is increased from 40MHz to 70MHz (Kroll
et al., 1994). The resistive component (Re Zplasma)
and the absolute value of the reactive component (Im
Zplasma) decrease with increasing excitation frequency:
With increasing excitation frequency the plasma takes
on a more resistive character and the total impedance
decreases. Based on a simple equivalent circuit model
(Kroll et al., 1994) for the discharge, the plasma reac-
tance can be directly linked with the sheath capacitance
and, hence, to the thickness of the two sheaths present in
the discharge. Higher frequencies lead to a signiﬁcant in-
crease in the sheath capacitance and, thus, to a pro-
nounced decrease in sheath thickness (see Fig. 3): the
latter decreases from 2.2mm to 1.4mm, as the plasma
excitation frequency is increased from 40MHz to
70MHz (Kroll et al., 1994).
Fig. 4 shows the measured values of the RF-voltage
at the powered RF electrode during the plasma imped-
ance measurement (Fig. 2). The reduction in RF-voltage
at higher frequencies reﬂects the trend also observed in
pure silane discharges (Howling et al., 1992) and is a di-
rect outcome of the reduced reactive plasma impedance
and of the thinner sheaths (Kroll, 1995).
Both these observations are in agreement with exper-
imental and theoretical studies by other groups (Bene-king, 1990; Beneking et al., 1992; Surendra and
Graves, 1991) and can be considered to constitute a gen-
eral physical eﬀect prevalent in capacitively-coupled
VHF-plasmas.
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Fig. 5. Global optical SiH* plasma emission intensity at
constant plasma power vs. the plasma excitation frequency,
for a capacitively-coupled glow discharge plasma of pure silane.
Data taken from Howling et al. (1992).
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Fig. 6. Energy distribution of ions impinging on the substrate
in a silane/hydrogen plasma for diﬀerent plasma excitation
frequencies, for a capacitively-coupled glow discharge plasma
of pure silane. Data taken from Heintze and Zedlitz (1996).
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Fig. 4. RF-voltages measured at the powered electrode as a
function of plasma excitation frequency, for the plasma reactor
of Fig. 2. Data taken from Kroll (1995).
4There are two consequences of the thinner plasma
sheaths and the lower RF-voltage on the powered elec-
trode: ﬁrst, the sheath potential and, hence, the ion bom-
bardment on the growing layer is reduced; second,
the RF-power is more eﬃciently coupled-in into the
bulk plasma (rather than into the sheath, as is the case
at lower plasma excitation frequencies). Due to the
second eﬀect, higher electron densities and better SiH4
dissociation in the bulk plasma, as well as increased
radical and ion ﬂux onto the growing surface, can be
achieved. An end result of all this is a net increase in
the deposition rate, without any deterioration in layer
quality.
The above considerations are, indeed, based on the
following additional experimental observations: Strong
experimental indications (Howling et al., 1992) for a
higher dissociation of the silane in the bulk plasma were
obtained from a measured increase of the optical emis-
sion of the SiH*-line at higher frequencies while keeping
the eﬀective plasma power constant (see Fig. 5). It has to
be noted that in pure silane plasmas, the optical emis-
sion intensities of the SiH*-line represent a rough mea-
sure for the electron density (Perrin and Schmitt, 1982;
Perrin and Aarts, 1983) prevalent in the plasma.
Heintze et al. (Heintze et al., 1993; Heintze and
Zedlitz, 1996) have measured an enhanced ion ﬂux
on the growth surface at higher frequencies (see Fig.
6) which is related to the changes in both the bulk
plasma and in the sheath. They suggested that the en-
hanced ion ﬂow to the growing surface could well be
the growth-rate controlling mechanism in the deposi-
tion of the a-Si:H material, because (as they argued)
it would result in an increased surface reactivity of
the ﬁlm precursors.The observed reduced peak ion energy at higher fre-
quencies as found in the direct ﬂux measurements (Fig.
6) is a direct consequence of the reduction in RF voltage
and, thus, of the reduced plasma sheath potential. The
higher ion ﬂux and the lower energy of the ion bombard-
ment lead to a ‘‘softer’’ but ‘‘intensiﬁed’’ ion bombard-
ment and might be a reason why VHF-plasmas favour
microcrystalline growth.
53. Use of LP-CVD ZnO for eﬃcient light-trapping
The possibility to use rough transparent conductive
oxide contact layers in order to obtain eﬃcient light-
trapping is fundamental in increasing the eﬃciency of
thin-ﬁlm silicon solar cells. Thus, high transparency,
high electrical conductivity, and high light-scattering
ability are the necessary material parameters for a
high-quality TCO. With the help of an appropriate
TCO layer the eﬀective optical absorption can be signif-
icantly increased (both for amorphous, as well as for
microcrystalline silicon) allowing, thereby, for a reduc-
tion of the absorber thickness. In the case of amorphous
silicon, this advantage leads to improved cell stability,
and in the case of microcrystalline silicon, to a signiﬁ-
cant reduction in deposition time and production costs.
The key role of the TCO layers for thin-ﬁlm silicon
solar cells was the motivation for IMT to develop its
own ‘‘in-house’’ TCO, namely ZnO, prepared by the
low pressure chemical vapour deposition (LP-CVD)
technique (Fay¨ et al., 2000; Bauer et al., 1993; Gordon,
1997). This particular TCO has notable advantages for
thin-ﬁlm solar cells in general: ZnO itself is an abundant
and low-cost material. Our speciﬁc LP-CVD deposition
technique is a simple process with deposition rates of
over 2nm/s, making upscaling to areas of 1m2 easily
achievable. In addition, our LP-CVD process leads di-
rectly to an as-grown high texturing of the ZnO ﬁlms,
as shown in Fig. 7. Furthermore, the low process tem-
peratures of around 200 C involved here are entirely
compatible with low-cost substrates (inexpensive glass,
polymers, aluminium, stainless steel etc.), and further-
more, correspond to the low process temperatures em-
ployed in the PECVD (plasma enhanced chemical
vapour deposition) production methods, as used for
the deposition of the amorphous and microcrystalline
silicon layers themselves.Fig. 7. Surface texture of a typical as-grown LP-CVD ZnO
layer as incorporated in IMTs p–i–n solar cells.Recently we have compared our ‘‘in-house’’ ZnO
layers with the best commercially available SnO2 (Asahi
U-type) TCO layers; this was done within p–i–n conﬁgu-
rated solar cells, both within amorphous single-junction
and micromorph tandem devices (Meier et al., 2000,
2002a,b; Shah et al., 2001). For both amorphous sin-
gle-junction cells and micromorph tandems, LPCVD
ZnO shows superior performance, resulting in higher
current densities and improved quantum eﬃciencies in
the red and near-infrared spectral regions of the solar
spectrum, when compared to U-type SnO2 from Asahi
Glass Corp. This enhancement is due to the better
light-trapping capability of our ‘‘in-house’’ ZnO layers,
resulting in a higher short-circuit-current (Jsc) of the
solar cell, while ﬁll factor (FF) and open circuit voltage
(Voc) remain identical for both SnO2 and ZnO. Thus,
LPCVD ZnO allows one to reduce the absorber thick-
ness while preserving a high eﬃciency potential.4. PECVD of thin-ﬁlm silicon solar cells
4.1. General experimental procedure
For the preparation of the ZnO coated substrates,
AF45 Schott glass with a thickness of 0.7mm was used.
The ZnO layers applied have a thickness of about 2.2lm
and a sheet resistance of 6–8X/sq. The a-Si:H p–i–n and
micromorph a-Si:H/lc-Si:H tandem solar cells were fab-
ricated by VHF-PECVD in a laboratory reactor with
substrate area of 8 · 8cm2. The deposition rates for both
the amorphous and the microcrystalline intrinsic layers
were approximately 0.5nm/s. For details on a-Si:H p–
i–n cell fabrication, by VHF-GD, as developed by
IMT, we refer to our earlier publications (Platz et al.,
1996, 1997 and references therein).
An important requirement of a TCO-coated glass is
the compatibility with the plasma processes used for
depositing thin-ﬁlm silicon cells on it (this is a problem
e.g. with SnO2 which is reduced by a hydrogen-rich
plasma). Furthermore, the TCO used should also allow
for subsequent laser-scribing, as generally required for
large-area module manufacturing. In fact, short circuits
and other electrical defects resulting from a faulty series
interconnection of the segments is often the cause of
a bad performance (low FF) of the modules (Golay
et al., 2000). In our case, laser-structuration of the three
scribe patterns was investigated in combination with
LP-CVD ZnO, as front TCO, for mini-modules, for
both the very thin amorphous single-junction and the
thicker micromorph tandem cells.
The solar cells and modules were characterised using
an AM1.5 global two light-source sun simulator
(WacomWXS-140S-10). In addition, test cells were ana-
lysed by quantum eﬃciency (QE) measurements. The
light-soaking of cells and modules was performed under
6illumination with a spectrum close to AM1.5 (1 sun
intensity) and at 50 C device temperature, as well as
at open circuit conditions. After the light-soaking exper-
iments amorphous silicon single-junction p–i–n cells
and modules were sent to NREL (National Renewable
Energy Laboratory, USA) for independent AM1.5 I-V
and QE characterisation.
4.2. Amorphous silicon p–i–n cells
In a recent study we reported on the achievement of
high stable eﬃciencies of 9% for a-Si:H single-junction
p–i–n cells when applying LP-CVD ZnO as front TCO
(Meier et al., 2000). Since at IMT we have all fabrication
steps for cell and module fabrication technology in our
lab, it was also easy for us to further improve the cou-
pling of the incoming light into our modules by applying
an antireﬂective (AR) coating. In this experiment, before
the ZnO and cell deposition, the front glass side was
coated with a broadband AR-layer. Such AR-coatings
are widely applied in the glass industry (Gla¨ser, 2000).
They consist of a multi-layer design: glass/A/B/A/B
(A = TiO2 or Nb2O5, B = SiO2).
Fig. 8 reveals the impact of the AR-coating on the
reﬂectivity of amorphous p–i–n cells in comparison with
cells on non-coated substrates of LP-CVD ZnO and
SnO2 (U-type, from Asahi Glass). While ZnO already
results in a reduced reﬂectance compared to SnO2, the
AR-coating in combination with ZnO allows, as ex-
pected, a further reduction. Thus, the reﬂection loss
reaches very low values of only 2.5–2.6% in the impor-
tant spectral range of the sun, where absorption by the
a-Si:H p–i–n cell is high. The remaining absorption loss
of 2.5–2.6% is mainly due to the reﬂection at the glass/
ZnO interface as a spectral analysis of the AR-coated
glass substrate by itself reveals.0
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Fig. 8. Reﬂection behavior as measured from the glass side of
amorphous p–i–n cells deposited on SnO2 (Asahi U), on LP-
CVD ZnO and on LP-CVD ZnO with an antireﬂective (AR)
coating. The AR coating reduces the reﬂectance by about 4%.Amorphous p–i–n cells prepared on AR-coated ZnO
glass substrates were sent after light-soaking to NREL
for independent characterization. Fig. 9 independently
conﬁrms the I–V characteristics for AM1.5 global illu-
mination of a cell having a stabilized eﬃciency of
9.47%. This p–i–n cell has an i-layer thickness of only
0.25lm and possesses a rather high stabilized short-
circuit-current density (Jsc) of over 17.5mA/cm
2 (ini-
tial > 18mA/cm2). The cell showed an initial eﬃciency
of 11.2% (measured by IMT, unconﬁrmed by NREL)
before light-soaking.
The spectral analysis of the photocurrent in Fig. 10
(measurement done by NREL) of the 9.47% cell shows
a remarkably high quantum eﬃciency even in the de-
graded state. The QE-values reach a level of 94% in
the important part of the sun spectrum, where the light
absorption by the cell should be high. This indicates a
high transparency, and a high light-trapping capacity
for LP-CVD ZnO as front TCO, resulting, in high values
of photocurrent density. The eﬃciency of 9.47% is to our
knowledge the highest independently-conﬁrmed eﬃ-Fig. 9. NREL certiﬁed I–V characteristics of an a-Si:H p–i–n
solar cell deposited on LP-CVD ZnO coated glass, after light-
soaking of 800h. The glass substrate is covered on the front side
by a broadband AR-coating, reﬂection data of which is shown
in Fig. 8.
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Fig. 10. NREL-certiﬁed quantum eﬃciency of the light-soaked
9.47% eﬃciency a-Si:H p–i–n solar cell of Fig. 9.
7ciency value for stabilized single-junction a-Si:H devices
(compare also with: Yang et al., 1998).
4.3. Micromorph silicon tandem cells
Micromorph (a-Si:H/lc-Si:H pin/pin) tandem cells
have been fabricated on LP-CVD ZnO used as front
TCO. The thickness of the lc-Si:H bottom cells were
in the range of 1.8–2lm, whereas the top cells range
up to a maximal thickness of 0.25lm. Fig. 11 shows
for the tandem cell an initial eﬃciency of over 12% com-
bined with a high open circuit voltage of 1.4V. After
light-soaking, a stabilized eﬃciency of 10.8% could be
obtained.
4.4. Intermediate reﬂector in micromorph tandem cells
Within the micromorph tandem, it is the amorphous
top cell that provides roughly 2/3 of the total power, but
this top cell is at the same time the current-limiting cell,-10
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Fig. 11. AM1.5 I–V characteristics of a micromorph tandem
test cell deposited on glass/LP-CVD ZnO in the initial and
stabilized state (after 1000h of light-exposure at 1 sun and
50C). The lc-Si:H bottom cell has a thickness of 2lm.because it has to be kept very thin (in order to avoid
excessive light-induced degradation) and it does not di-
rectly beneﬁt from reﬂection and additional light-scat-
tering by the back reﬂector. Because of this, IMT
introduced in 1996 the concept of a ZnO layer acting
as an intermediate reﬂector between the amorphous
top and microcrystalline bottom cell (Fischer et al.,
1996). This concept permits an increase of the a-Si:H
top cell photocurrent due to reﬂection by the interlayer,
based on the diﬀerence in the refraction index of the two
silicon p–i–n cells and the interlayer. Thanks to the high
infrared photocurrent potential and the stability of the
microcrystalline bottom cell a matching of the gained
a-Si:H top cell current can principally be achieved by
adapting the lc-Si:H bottom cell to larger thicknesses.
Conversely, this interlayer allows a reduction of the a-
Si:H top cell thickness while maintaining markedly high
photocurrents, accordingly improving the overall stabil-
ity of the tandem cell. Applying this intermediate reﬂec-
tor layer concept in a-Si:H/c-Si:H tandems, Yamamoto
et al. (2002a,b, 2003) have recently demonstrated a nota-
bly high initial eﬃciency of 14.7% for a test cell device.
The impact of an intermediate TCO layer on the QE
of top and bottom cells, within micromorph tandems, is
illustrated in Fig. 12. Top a-Si:H cells of 0.18lm thick-
ness, with an interlayer can easily achieve similar photo-
current densities as top cells of 0.25lm thickness
without internal TCO layers. In contrast to recent re-
sults presented by Yamamoto et al. (2002a,b, 2003),
we always observe a loss in the photocurrent density
of the bottom cell with our own intermediate reﬂectors.
Micromorph tandems fabricated by us with interme-
diate reﬂectors can demonstrate a surprisingly stable
performance. As Table 1 shows, there is no signiﬁcant
change in I–V characteristics of this particular cell (with
an intermediate reﬂector) after a period of over 1300h of400 500 600 700 800 900 1000
QE
 [a
.u.
] 
Wavelength [nm]   
a-Si:H/ZnO/  c-Si:Hµ
Fig. 12. Eﬀect of the intermediate TCO layer on the quantum
eﬃciency of the a-Si:H top and lc-Si:H bottom cells. The
dashed lines show the tandem without the interlayer, the solid
lines represent the one with the incorporated intermediate TCO
layer.
Table 1
Micromorph tandem cell with an intermediate ZnO layer
between the a-Si:H top and lc-Si:H bottom cell in the initial
state and after 1300h of light-soaking
Cell state Voc (V) FF (%) Jsc (mA/cm
2) g (%)
Initial 1.378 73.6 10.5 10.65
Light-soaked 1.418 72.1 10.5 10.73
The bottom cell has a thickness of only 1.8lm.
Fig. 13. AM1.5 global I–V characteristics as measured by
NREL of an 11-segmented a-Si:H p–i–n single-junction module
with LP-CVD ZnO as front TCO (without AR coating). The
module was light-soaked for 1000h (1 sun @ 50C). The i-layer
has a thickness of 0.25lm.
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Fig. 14. AM1.5 global I–V characteristics of a micromorph
tandem cell module fabricated on LP-CVD ZnO-coated glass in
the initial and light-soaked state (1000h under 1 sun and 50C).
The lc-Si:H bottom cell has a thickness of 2lm.
8light-soaking. Indeed as the micromorph tandem cell in
Table 1 is bottom-limited, and as the a-Si:H top cell is in
this case very thin (<0.2lm), the ﬁll factor is principally
given by the stable lc-Si:H bottom cell and is, therefore,
less inﬂuenced by small light-induced alterations in the
a-Si:H top cell.
Further investigations on tandem cells with diﬀerent
intermediate layers need to be completed in order to ex-
plore the full eﬃciency potential of the micromorph thin
ﬁlm silicon solar cells. The foremost question is to what
extent the eﬃciency of micromorph tandem cells with
intermediate reﬂectors can be enhanced while keeping
the lc-Si:H bottom cell suﬃciently thin, so as to be
cost-eﬀective. With respect to large-area module mass
production the additional process steps, the longer fab-
rication time of the thicker lc-Si:H bottom cell and
the task of the series interconnection by laser-scribing
have to be carefully investigated and well balanced with
the overall gain in eﬃciency.
4.5. Amorphous silicon modules
Submodules based on LP-CVD ZnO covered glass
substrates were fabricated for amorphous single-junction
p–i–n devices applying the integrated monolithic series
connection. Fig. 13 gives the AM1.5 I–V characteristics
of an 11-segmented module with 22.31cm2 aperture area
in the stabilized state (after 1000h of light-soaking). The
measurement has independently been performed at
NREL and conﬁrms a highly stable module eﬃciency
of 8.7%.
The result of Fig. 13 reveals that a high quality front
TCO (such as IMTs LP-CVD ZnO) has the potential to
achieve reasonably high stabilized eﬃciencies even for a
very simple device, i.e. for the a-Si:H p–i–n single-junc-
tion cell. This certainly has economical advantages. In-
deed, the manufacturing of such single-junction cells is
clearly more ‘‘robust’’, when compared to sophisticated
multi-junction solar cells based on amorphous silicon
and silicon–germanium alloys with their very thin partial
cells, their many interfaces and their tuned absorber
thicknesses. Furthermore, the use of germane as a some-
what problematic source gas (cost!) is completely
avoided. In terms of mass production, this simpliﬁcation
should therefore contribute to signiﬁcantly reducing the
manufacturing costs for the modules ($/Wp).4.6. Micromorph tandem modules
Micromorph p–i–n/p–i–n tandem cell modules in
combination with LP-CVD ZnO as front TCO have
9been fabricated. The AM1.5 I–V characteristics of a 9-
segmented module in the initial and light-soaked state
(after 1000h) are given in Fig. 14.
The module has in the initial state an aperture eﬃ-
ciency of 11% that conﬁrms the satisfactory quality of
the series interconnection developed by us. After light-
soaking a stabilized module eﬃciency of 9.8% has
been obtained. A further improvement in the micro-
morph module eﬃciency is now clearly linked to an
appropriate choice of the implemented amorphous top
cell.5. Summary and conclusions
Research developments made at the IMT Neuchaˆtel
group in recent years can be considered to be of major
importance for the next generation of thin-ﬁlm silicon
solar cells and modules. The introduction of the VHF-
GD deposition technique by IMT in 1987 has since
turned out to be a powerful option for reducing deposi-
tion time and, hence, costs for all types of future thin-
ﬁlm silicon PV modules. The increased deposition rates
observed in VHF plasmas can be attributed to changes
in the plasma leading to an enhanced dissociation of
the silane in the plasma. Furthermore, at higher frequen-
cies reduced energies of the ions impinging on the grow-
ing surface are observed which lead to a ‘‘softer’’ plasma
and, thus, to reduced defect creation in crystallites.
These ﬁndings might explain why VHF-plasmas favour
the growth of microcrystalline silicon.
The introduction of hydrogenated microcrystalline
silicon as crystalline thin-ﬁlm PV absorber material by
IMT in 1994 has opened up new strategies for high-eﬃ-
ciency thin-ﬁlm solar cells: namely the use of microcrys-
talline silicon as a bottom cell, within a tandem
conﬁguration, in combination with an amorphous sili-
con top cell. The gaps of microcrystalline silicon and
amorphous silicon form together, in fact, a theoretically
ideal pair for a tandem cell (Shah et al., 2004). This
‘‘micromorph’’ concept introduced by IMT in 1994,
consisting of a microcrystalline silicon bottom cell and
an amorphous silicon top cell, is considered today to
be one of the most promising thin-ﬁlm solar cell con-
cepts and has been taken up for further research by
many groups worldwide. First industrially processed a-
Si:H/lc-Si:H large-area modules are already available
on the Japanese market.
IMTs recent research on light-trapping suggests that
the application of a high-quality ZnO will indeed allow
one to further improve the conversion eﬃciency of
thin-ﬁlm silicon solar cells in the p–i–n conﬁguration
and, at the same time, reduce the absorber thickness to
economically feasible values.
Low-cost, high-quality TCO layers and economical
mass-production fabrication processes (such as LP-CVD ZnO and VHF-PECVD) are, thus, becoming the
necessary tools for the next generation of thin-ﬁlm sili-
con modules. They are essential for the reduction of
the high module manufacturing costs so far associated
with PV.
Using LP-CVD ZnO amorphous single-junction and
‘‘micromorph’’ tandem solar cells will deﬁnitely lead in
the near future to the production of modules with rea-
sonably high stabilized eﬃciencies (around 8% or
around 10%, respectively, for the single-junction and
for the tandem case). This very combination will also
allow for a signiﬁcant reduction in deposition process
times and in material costs, leading to attractively low
costs for module manufacturing.Acknowledgments
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